The goal of this study is to determine architectural and textural parameters on computed tomographic (CT) images, allowing us to explain the mechanical compressive properties of bone. Although the resolution (150 mm) is of the same order of magnitude as the trabecular thickness, this method enables the possibility of perfecting an in vivo peripheral CT system with an acceptable radiation dose for the patient. This study was performed on L2 vertebrae cancellous bone specimens taken after necropsy in 22 subjects aged 47±95 years (mean: 79 years). The segmentation process is a crucial point in the determination of accurate architectural parameters. In this paper the use of two different segmentation methods is investigated, based on an edge enhancement and a region growing approach. The images are compared and the architectural parameters extracted from the images segmented by both methods lead to a quantitative evaluation. The parameters are found to be globally robust towards the segmentation process, although some of them are much more sensitive to the approach used. Highly signi®cant correlations (P < 0.0005) have been obtained between the two segmentation methods for all the parameters, with r ranging from 0.70 to 0.93. In order to improve the assessment of bone architecture, texture analysis (run length method) was investigated. New features are obtained from an image reduced to 16 grey-levels. Textural parameters in addition to architectural parameters in a multivariate regression model increase signi®cantly (P 0.01) the prediction of the maximum compressive strength (variation of r 2 from 0.75 up to 0.89).
Summary
The goal of this study is to determine architectural and textural parameters on computed tomographic (CT) images, allowing us to explain the mechanical compressive properties of bone. Although the resolution (150 mm) is of the same order of magnitude as the trabecular thickness, this method enables the possibility of perfecting an in vivo peripheral CT system with an acceptable radiation dose for the patient. This study was performed on L2 vertebrae cancellous bone specimens taken after necropsy in 22 subjects aged 47±95 years (mean: 79 years). The segmentation process is a crucial point in the determination of accurate architectural parameters. In this paper the use of two different segmentation methods is investigated, based on an edge enhancement and a region growing approach. The images are compared and the architectural parameters extracted from the images segmented by both methods lead to a quantitative evaluation. The parameters are found to be globally robust towards the segmentation process, although some of them are much more sensitive to the approach used. Highly signi®cant correlations (P < 0.0005) have been obtained between the two segmentation methods for all the parameters, with r ranging from 0.70 to 0.93. In order to improve the assessment of bone architecture, texture analysis (run length method) was investigated. New features are obtained from an image reduced to 16 grey-levels. Textural parameters in addition to architectural parameters in a multivariate regression model increase signi®cantly (P 0.01) the prediction of the maximum compressive strength (variation of r 2 from 0.75 up to 0.89).
Introduction
Osteoporosis is de®ned as a decrease in the amount of bone, leading to an increased fracture risk. At present, an early and reliable diagnosis is needed to evaluate and to prevent the fracture risk. Absorptiometry allows measurement of the bone mineral density on a patient. Measures of bone mineral density or other parameters re¯ecting bone mass lead to coherent relationships to the mechanical properties of cancellous bone, but cannot completely explain the variability of the mechanical properties (Carter & Hayes, 1977; Hodgskinson & Currey, 1992; Keller, 1994) . Indeed, it is a global measure which does not reveal the structural organization of bone. The characterization of cancellous bone architecture is of considerable interest for the study of osteoporosis. At present, only the histomorphometry technique allows determination of bone architecture on a patient. However, it is an invasive technique, as a biopsy of around 1 cm in diameter is taken from the patient. The tissue is then embedded in methylmethacrylate, cut in thin sections and observed with a microscope. The measured parameters are very accurate as the sections are 7 mm thick.
Computed tomography is a promising technique which allows us to reveal the internal organization of bone in a non-invasive way and offers the possibility for threedimensional imaging at an arbitrary orientation (Feldkamp et al., 1989; Kinney et al., 1995; Ruegsegger et al., 1996) . The structural organization of cancellous bone, as quanti®ed by computed tomography (CT) (using classical histomorphometric parameters) has already shown coherent relationships with the compressive properties of bone (Goulet et al., 1994; Link et al., 1998a) . However, when a very high spatial resolution is used, the absorbed dose is too high to allow in vivo imaging of patients.
To date, only a small number of studies have been performed analysing mechanical bone properties and texture analysis of tomographic images. For example, Cortet et al. (1998) show only few and weak correlations between the textural parameters and the bone mineral density. Link et al. (1998b) have found highly signi®cant correlations between co-occurrence parameters determined on CT images and bone strength, but still lower than correlations between bone mineral density (BMD) and bone strength. However, a combination of many co-occurrence parameters together with BMD signi®cantly improved correlations with elastic modulus. As cancellous bone has anisotropic mechanical properties, textural parameters as related to trabeculae orientation may give clinically valuable information.
In this paper, we explain the set-up of a two-dimensional high resolution computed-tomographic (HRCT) system with a spatial resolution of 150 mm. This resolution enables us to consider the possibility of perfecting an in vivo peripheral CT system with an acceptable radiation dose for the patient. The goal of our study is to determine parameters on the tomographic images, that allow us to explain the mechanical properties of bone. A segmentation process is needed to extract classical architectural parameters: plate-model morphological parameters and`connectivity' (or node-strut analysis) parameters. It is thus a crucial point concerning the accuracy of the measurements. Two different segmentation methods were investigated, based, respectively, on an edge enhancement and a region growing approach, and both methods were evaluated by a quantitative comparison of the parameters thus yielded. Texture analysis was also investigated. New features are obtained from images reduced to 16 grey-levels, thus strongly reducing segmentation errors. The parameters obtained are compared with the architectural ones in terms of relationships with bone mechanical properties.
Materials and methods

Sample preparation and protocol
This study was performed on cancellous bone specimens. Lumbar L2 vertebrae were obtained after necropsy in 22 subjects aged 47±95 years (mean: 79 years) and stored at À 20 8C before processing. Two adjacent vertical cores (é 14.5 mm) were removed from the central part of the vertebral body. The left core was cut in a 9 mm cancellous cube for HRCT imaging and a compression test (Fig. 1) . The right core was used for other investigations .
Owing to the fragility of some vertebrae, only 20 cubes (on the left side) were extracted successfully. The maximum compressive strength was not reached for four specimens because of the limit of the displacement transducer (immersed extensometer). A two-dimensional tomographic image (330 mm thick) was performed in a frontal plane on the frozen cubes, and then the compression test was performed along the infero-superior axis on thawed specimens.
High resolution computed tomographic system
This two-dimensional system (Fig. 2) is based on the principle of fan beam X-ray CT scanners (Kaftandjian et al., 1996; Mitton et al., 1998) . Rather than rotating the X-ray source and the detector during data collection, as in clinical CT, the specimen is rotated. An X-ray tube (model Pantak HF100 kV) in ®ne focus con®guration (0.4´0.4 mm 2 ) is used as a source. The detector used is the Thomson linear array (TH1482), consisting of 1024 sensitive elements of 0.225 mm in size and collimated with a 0.5 mm wide slit. For each angular position of the object, the set of 1024 transmitted intensities, called a`projection', is measured by means of the linear detector. The sinogram, constituted of the 3608 projections of the object, is then processed by computer to reconstruct a map of the slice.
The resolution is usually expressed in terms of modulation transfer function (MTF), which describes the contrast response of the system as a function of the spatial frequencies (in line pairs/mm: lp/mm). Using the edge spread function method, we measured a spatial resolution at the level of the object of 3.5 lp/mm (for 10% modulation), along the detector line direction, which corresponds to around 150 mm . This value con®rms the calculation of the spatial resolution, taking the magni®ca-tion of 1.5 and the photodiode size of 0.225 mm into account. Perpendicular to this direction, the thickness of the imaged slice is about 330 mm, corresponding to a slit thickness of 0.5 mm at the level of the linear detector, as mentioned earlier.
The information present in the reconstructed image, coded on 8 bits, is directly correlated to the value of the X-ray linear attenuation coef®cient within every elementary volume of the object. The grey-levels are inversely proportional to the X-ray linear attenuation coef®cient: the dark grey-levels correspond to the`points' in the object having a high density or a high atomic number. In the reconstructed image, each pixel corresponds in fact to an elementary volume of the object of 107´107´330 mm 3 in size. The size of this voxel is not negligible compared to the details of the image. Indeed, bone samples consist of both thin and thick trabeculae whose mean thickness is about 100 mm (Cendre, 1999) , which is similar to the resolution of our tomograph. The detector is constituted of discrete sensitive elements, and due to this lateral sampling, the thinnest trabeculae, in the section plane, will be imaged at best with a thickness equal to the pixel size of 107 mm (as illustrated in Fig. 3a) . Thus, the thinnest trabeculae appear enlarged and with a higher signal intensity than thicker trabeculae. Besides the lateral sampling, there is a vertical sampling due to the tomographic slice thickness. This vertical sampling explains why trabeculae, slantwise in the section thickness, appear enlarged (Fig. 3b) . This degradation adds to the process of lateral sampling.
Image segmentation
The segmentation process, allowing the separation of bone trabeculae from the remainder of the image, is a crucial point because of its in¯uence on the determination of parameters which are characteristic of bone architecture. The segmentation of these images has to cope with the dif®culty of keeping in the binary image the highest possible number of trabeculae. Owing to the presence of both bright and dark trabeculae, resulting from the effects of the resolution close to the trabeculae size and of the variations of BMD within the sample, a global threshold cannot be used on these images. Indeed, a low threshold induces the thinning (or the loss) of brighter trabeculae (Fig. 4b) . On the other hand, a higher level allows us to keep even the thinnest or less dense trabeculae but the thicker ones are enlarged (Fig. 4c) .
Thus, two different segmentation methods were investigated, taking the local neighbourhood of a pixel into account: a method using an edge enhancement process and a region growing method.
2.3.1. The edge enhancement method. The various steps of the segmentation process are described in Fig. 5 . A high pass ®lter is applied to the tomographic slice, which results in enhancement of both the edges of trabeculae and the noise. The ®ltered image is then globally thresholded. In this binary image, the trabeculae thickness is close to that observed on the tomographic greyscale image, but the noise is high. In parallel, the initial tomographic slice is globally thresholded. The segmented image obtained includes an enlargement of trabeculae, but no noise. The ®nal image is obtained by effecting a logical`and' operation between these HRCT AND TEXTURE ANALYSIS ON HUMAN VERTEBRAL CANCELLOUS BONE 307 two binary images. Figure 5 shows that this method preserves the thinnest trabeculae without enlarging the thicker ones. The choice of the thresholds is done interactively by a visual comparison between the binary image and the grey-level image. Of course the quality of the results depends upon the choice of relevant thresholds, and this has to be done by a quali®ed person. For this reason, an automatic segmentation method was also investigated (see Section 2.3.2), in order to have a reproducible tool for future clinical application.
Because of the limitations of the sampling and thresholding procedures, single pixels and disconnected trabeculae may be present in the image. We do not try to quantify the effect of these defaults on HRCT parameters. In compensation, we correct them partly using binary mathematical morphology: a`hit or miss' transform enables us to eliminate the isolated pixels, and the disconnected trabeculae are reconnected by performing a`closing' operation.
The region growing method.
In order to avoid the choice of a subjective threshold for each image, an automatic segmentation method was investigated. The region growing approach consists of clustering pixels with respect to both an homogeneity criterion and an adjacence criterion (Zucker, 1976; Asano & Yokoya, 1981) . The various steps of the segmentation process are described in Fig. 6 . Initial seeds have to be chosen ®rst, usually the most dif®cult step, then an homogeneity criterion is to be determined, depending on the application. For the tomographic images various criteria were investigated, among which the difference with respect to a reference was selected. First, an enhanced image is obtained by high pass ®ltering (averaging and subtraction). This enhanced image is then thresholded with a very severe value in such a way that no noise is detected at all. Only the darkest pixels of the trabeculae are kept, the so-called initial seeds (white pixels in the reference image Fig. 6 ). Another threshold value is ®xed to select other pixels among which the growing approach will apply (black pixels in the reference image Fig. 6 ). Both these threshold values are ®xed and remain the same for all the images. Then, starting from the initial seeds, each neighbour is checked for the following criterion: the difference between its grey-level in the enhanced image and the minimum value of all the initial seeds must be inside a level range. This range depends on each image, but is chosen automatically as twice the greylevel range of the initial seeds. This criterion is the result of a compromise between the thickening of darker trabeculae and the loss of brighter ones.
The main advantage of the growing approach is that it is automatic, and adapted to each image. However, it is known that the result depends on the order in which the initial seeds are considered. Several orders were thus investigated, and no signi®cant change was noticed. Figure 7 shows a visual comparison between a tomographic grey-level image and the corresponding segmented images by the edge enhancement and the region growing methods. Although we note a visual similarity between the two binary images, a quantitative comparison is needed.
2.4. Extraction of architectural and textural parameters 2.4.1. Extraction of architectural parameters. First the binarized CT images were analysed using structural and connectivity histomorphometric parameters, as outlined in a nomenclature of the American Society for Bone and Mineral Research (ASBMR) (Par®tt et al., 1987) . A comparison between tomography and histomorphometry, considered as a reference tool, was assessed by means of these parameters, in order to validate the HRCT system Cendre et al., 1999) . The spatial resolution (150 mm) is close to the size of trabeculae and the slice thickness is still substantially higher (330 mm). The CT images may therefore represent a projection of several trabeculae. Thus the values of these parameters differ from those measured on 7 mm thick histomorphometric sections and have been called apparent (app.) measures. 
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Structural parameters are directly measured or computed from the segmented image, whereas connectivity parameters are obtained from the skeleton image.
Structural parameters. On the segmented image, a region of interest is de®ned as the total area of bone and marrow (tissue), then the bone area and perimeter are measured.
The bone percentage, or bone volume over tissue volume ( app. BV/TV), is computed as the ratio of bone area to total area. Then the ratio of bone perimeter to total area, or bone surface over tissue volume ( app .BS/TV), is calculated (mm À1 ). According to Par®tt's formulae based on a parallel plate model assumption (Par®tt et al., 1983) , bone volume/TV and bone surface/TV allow us to compute the mean trabecular thickness ( app .Tb.Th), number ( app. Tb.N) and separation ( app. Tb.Sp).
Connectivity parameters. On the skeleton image, the number of bone pixels corresponds to the total strut length or skeleton length ( app .TSL), which is usually expressed by tissue volume. The number of nodes ( app .N.Nd) is computed as the number of triple points in the skeleton, and the number of termini ( app. N.Tm) is the number of ending points of the skeleton. Both are obtained by applying a simple neighbourhood transform. Like the skeleton length, the node and termini numbers are expressed by tissue volume.
Extraction of textural parameters.
Texture analysis methods are commonly used in the ®eld of image processing for classifying regions having common properties. As the eye is a very performant texture classi®er, a texture is usually described by its visual aspect: granular, smooth, regular, linear, etc. This qualitative aspect is very dif®cult to evaluate automatically. The quantitative description of a texture involves the choice of a method, which can be very different, depending on the characteristics of the image. When the image presents a regular pattern (macrotexture), the methods used are called structural because they are based on the extraction of the pattern and the study of its repartition law. If the image does not contain such a pattern (microtexture), statistical methods are used. Tomographic images of vertebrae belong to the latter category. First order statistical methods are not useful as they are only based on individual properties of pixels. Second order statistics are more interesting as they involve the study of interactions between neighbouring pixels. Several second order statistical methods exist (co-occurrence matrix, law energy, etc.), among which the run length method was selected. This particular method was chosen because of the visual appearance of the vertebrae images. Indeed, a bone trabecula appears in the image as an array of connected pixels having the same grey-level range, which corresponds to the de®nition of a run. A grey-level run is a set of consecutive pixels having the same grey-level in a given direction (Galloway, 1975) . A run is characterized by its length, which is considered as the number of pixels in the set. For each direction, a run length matrix can be constructed, with N rows and L v columns (N is the number of grey-levels, L v is the maximal length of all the runs in the direction v). The element p v (i, j) of the matrix represents the number of runs of grey-level i and length j, in the v direction.
As the frontal slices of vertebrae present a preferential orientation (see Fig. 4 ), it is expected that the run lengths matrices will depend on the direction.
The interest of texture analysis is to keep the grey-level information of the image, that is, the physical information. However, a 256 level image yields a huge number of runs having a small length which are not representative of the bone architecture, as the pixels in a trabecula do not have exactly the same grey-level. If the image is reduced to 16 grey-levels, the trabeculae then appear in the same grey-level range, and thus have a chance to form a run.
The multilevel segmentation was done using an automatic thresholding based on a dynamic clustering approach (Diday & Simon, 1976) . The initial stage consists of choosing the clusters equally spaced in the histogram. Then, the inertia centres of the clusters are computed. Pixels are then clustered to the nearest centre in the Malahanobis distance sense (taking into account the grey-level variance). The further iterations are aimed at minimizing the interclass variance. Such a segmented image is shown in Fig. 8 .
From the run length matrices, some parameters can be extracted (Galloway, 1975) . Among the ®ve parameters which were calculated, we have selected the only two that presented a signi®cant correlation with the mechanical response of bone. Finally, the following parameters were chosen: grey-level non uniformity:
run length non-uniformity:
where NR is the total number of runs.
Mechanical testing
The mechanical tests were performed on a screw-driven machine (Schenck RSA 250). Samples were placed in a saline bath regulated at 37 8C and tested along the inferosuperior axis. Tests were run at 0.5 mm min À1 to minimize viscous effects. In order to improve the compression test, 10 preloading cycles were applied to samples to reach a steady state (Goulet et al., 1994) before the destructive test. The load applied to the samples was measured with a 5000 N load cell (TME, F 501TC) and the corresponding displacement was measured with a new immersed extensometer , which was placed directly at the end of the specimen. Among the mechanical parameters measured, only the maximum compressive strength (j max ) is considered here.
Statistical analysis
Analysis was performed using Unistat 4.0 software on a PC.
As data for some variables were not normally distributed, it was not possible to compare the values using a parametric test like the t-test. Thus, we selected a non-parametric test, the Wilcoxon signed rank test, which is based on the rank of the variables instead of their values (Sprent, 1992) . This test was used to compare the mean values of the architectural parameters extracted from both segmentation methods. In the same way, we did not use a parametric correlation coef®cient (the linear Pearson's correlation coef®cient) to evaluate the correlations between both segmentation methods, but a non-parametric correlation coef®cient: the Spearman's rank correlation coef®cient, also based on the rank of the variables (Sprent, 1992; .
By contrast, in order to evaluate the relationships between architectural and textural parameters with the mechanical properties of bone, multiple regressions were used; this is possible as the architectural and textural parameters are either weakly or not dependent. Thus, transformations were applied to all variables in order to normalize their distribution. The Pearson's correlation coef®cient (r) was used to evaluate the correlation between the different transformed parameters. The value r 2 represents the explained part of the variability of a parameter (for example the strain j max ) from a dependent variable or a linear combination of dependent variables (for example, a linear combination of architectural and textural parameters). A P-value < 0.05 was required for statistical signi®cance.
The following section shows a quantitative investigation on the structural and textural parameters as compared to the mechanical study.
Results
Quantitative comparison between the architectural parameters extracted from both segmentation methods
The means and standard deviations of tomographic parameters for the two segmentation methods are presented in Fig. 9 . The region growing method, compared with the edge enhancement method, leads to an overestimation of all the parameters, except the trabecular separation which is underestimated and the trabecular thickness which does not differ statistically (from the Wilcoxon rank test). However, we can hardly have a correct estimation of the trabecular thickness ( app Tb.Th) with any of the segmentation methods because the real thickness is close to the resolution of our HRCT system (150 mm). The region growing method considers globally a higher number of pixels as bone pixels than the edge enhancement method. Nevertheless, the correlations were found to be highly signi®cant (P < 0.0005) between the two segmentation methods for all the parameters, as can be seen in Fig. 10 parameters are found to be strongly correlated towards the segmentation process, whereas the number of nodes and termini are much more sensitive to the approach used.
In conclusion, architectural parameters are found to be globally robust towards the segmentation process, in the sense that their values are highly correlated. However, the values themselves are of course sensitive to the segmentation process, as for example the bone percentage and the node number. Table 1 shows the relationships between the mechanical compressive strength (j max ) and architectural, textural parameters or a combination of both. When the architectural parameters are determined on CT images segmented by the edge enhancement method, the correlations with j max seem to be slightly higher than when using the region growing method. The correlations between j max and the architectural parameters are higher than those obtained with the textural parameters. However, a combination of both allows us to improve the explanation of the variability of the mechanical strength, which is outlined in Fig. 11 . This ®gure presents graphically the correlations between the maximum compressive strength and the architectural parameters or the combination of architectural and textural parameters determined on tomographic images segmented by the edge enhancement method.
Relationships between the mechanical strength and the architectural and textural parameters
We can see that classical architectural parameters, in pale grey, allow us to partly explain bone mechanical properties. We added textural parameters to these classical parameters in order to determine if they allowed us to improve the explanation of the variability of the mechanical strength. We note that the correlations with biomechanics are always higher when the architecture is combined with textural parameters. Indeed, for example, trabecular separation alone allows us to explain 75% of the maximum compressive strength. If we add texture analysis parameters, such as the grey-level non-uniformity (in the direction 908 and averaged in the four principal directions), it allows us to explain 89% of the mechanical strength. The same remark can be made for the trabecular number, the total strut length and the same texture analysis parameters: app Tb.N and app TSL alone allow us to explain 65% and 69% of the maximum compressive strength, respectively, and when the previous textural parameters are added, the explanation of j max increases to 88% and 89%, respectively. In the same way, the trabecular bone volume alone and a linear combination of app. BV/TV and of the run length non-uniformity (averaged in the four principal directions) allow us to explain 76% and 83% of j max , respectively.
Discussion
Our study attempted to ®nd parameters on CT images using a segmentation process less critical than a binarization. We investigated the run length texture analysis method, that is, a second order statistical method like the co-occurrence matrices. This method was used because the trabeculae can form a grey-level run if the image is correctly segmented, which is why the image was reduced to 16 levels before computing the parameters. Then, among all the possible parameters, we tried to select those that were related to the mechanical strength (even if the correlation value was not as high as that of morphological parameters). We also tried to ®nd textural parameters that were not correlated with morphological parameters, in such a way to search complementary information. This approach differs from previous studies where parameters are usually related to BMD (Link et al., 1998b) . Signi®cant improvements were observed when combining run length parameters with architectural parameters: app. Tb.Sp, for example, combined with run length parameters signi®cantly improved (P < 0.01) correlations with j max from r 2 0.75 to r 2 0.89. The same improvement was observed for app. Tb.N, app. TSL, and app. BV/TV. Cortet et al. (1998) used grey-level run length analysis on axial and frontal slices of the distal radius, and showed that these parameters were signi®cantly correlated with age of women from 23 to 80 years. However, the correlations are lower than that of morphological parameters. This point adds to our opinion that texture parameters cannot replace the architectural parameters, but both contribute to explain the mechanical strength of bone.
Previous studies report the use of statistical texture analysis like co-occurrence matrices to obtain descriptive parameters of bone structure (Veenland et al., 1994; Link et al., 1998b) . Link (1998b) showed that a combination of many co-occurrence parameters together with BMD signi®cantly (P < 0.01) improved correlations with elastic modulus from r 2 0.79 to r 2 0.87. This conclusion is in good accordance with our results.
Another approach of texture analysis has been investigated using the fractal dimension. Meier et al. (1994) performed an experimental study analysing CT images of vertebral bone specimens. The correlation coef®cient they found between j max and the fractal dimension (r 2 0.25) was improved by combining both fractal dimension and BMD (r 2 0.64). Link et al. (1998b) used three techniques to determine the fractal dimension: the box-counting algorithm, the surface area and the semivariance technique. The correlation values they obtained between the fractal dimension and the elastic modulus ranged from r 2 0.38 to r 2 0.52, but no signi®cant increase was found combining BMD and fractal dimension.
The great advantage of texture analysis is that it takes the grey-level information into account in the parameters. This information is lost when binary images are obtained, which is not so important for computing parameters on the skeleton of the images, but has an in¯uence on the morphological parameters. That is why our study also focused on segmentation methods and their comparison. It is not easy to decide on the best segmentation method, as the images look very similar and the extracted parameters are found to be highly correlated. However, the edge enhancement method can be considered as a reference, as the manual choice of the threshold is always done by comparing visually the binary and raw images. This ensures a very accurate segmentation, but cannot be used as a clinical tool. The region growing approach is thus better for a standardized method. Nevertheless, more work is needed to improve the choice of the growing criterion in order to reach the same correlations with the mechanical strength, which are for the moment slightly better with the edge enhancement method. Both methods are original in the sense that they are not based on local thresholding algorithms, which is another possibility currently used in other studies (Link et al., 1998b) . Indeed, the neighbourhood of the pixels is taken into account in both methods. In the ®rst method, the high pass ®lter is used to enhance the edges, and thus modi®es the neighbourhood of the trabeculae before the global thresholding. In the second method, the growing approach is region based, which is of course a local algorithm.
A parallel plate model was used to determine structural parameters on vertebral cancellous bone samples. This model presents some limitations. This indirect method for calculating trabecular thickness, separation and number may be more applicable to the iliac crest than the vertebra owing to the iliac crest's lower degree of anisotropy. Moreover, the deterioration of cancellous bone structure as a result of ageing and disease is characterized by a conversion from plate elements to rod elements. Nevertheless, this model has been used in previously published studies on human lumbar vertebrae (L2-L3-L4) (Feldkamp et al., 1989; Dempster et al., 1993) .
The number of nodes and termini determined on twodimensional sections are not unbiased measures of connectivity and the relationships with the mechanical strength might be improved by the determination of a real measure of connectivity such as the Euler number. Fig. 11 . Relationships between the mechanical compressive strength and architectural parameters or a combination of architectural and textural parameters on human vertebral cancellous bone (the tomographic images were segmented by the edge enhancement process to determine architectural parameters). However, it is not easy to compute the Euler characteristic on two-dimensional images, and edge effects can also make the measurement biased (Odgaard, 1997) . The HRCT images were performed on vertebral cancellous bone samples in a frontal plane. Indeed, bone vertebral trabeculae are mainly orientated along the vertebral column axis, in particular to withstand to compressive forces. Consequently, the study of a frontal plane is most interesting from a mechanical point of view. Clinically, our CT system would be designed for calcaneum imaging, where a plane in which bone trabeculae are preferentially orientated can be obtained. For this reason, texture analysis is very promising, as the parameters are directional. It can be noted that the best correlations between textural parameters and mechanical strength are obtained in the 908 and 08 directions, which are the trabecular direction and that perpendicular to it.
Conclusion
A two-dimensional high resolution computed-tomographic (HRCT) system with a spatial resolution of 150 mm was set up; this enables us to consider the possibility of perfecting an in vivo system with an acceptable radiation dose for the patient. Such a system would be a peripheral one, and work is in progress concerning the comparison of vertebral and calcaneum images on an extensive number of subjects.
Although this resolution is close to that of the details to characterize, we show that it is possible to extract architectural information related to the mechanical behaviour of bone. This is thus an improvement with respect to the characterization of global bone quantity alone, and it would prevent an invasive histomorphometric examination of patients.
Even if the segmentation process is not easy, owing to the resolution, this is a crucial point to determine accurate architectural parameters. By using two different segmentation methods, based on edge enhancement and region growing approaches, our results show that architectural parameters are globally robust towards the segmentation process, as they are highly correlated, although some parameters are much more sensitive to the approach used. This leads us to consider other parameters that would be less dependent from a segmentation process. Texture analysis was thus performed on images reduced to 16 levels from the dynamic clustering approach. In this way, all bone pixels are surely segmented in the same level class. When added to architectural parameters, we show that textural parameters allow us to improve the relationships with bone mechanical properties.
